In this study, we are proposing a novel miniaturized ion engine system μ1. Recently microspacecraft and propulsion system to be installed there have attracted a lot of attentions. To accomplish the miniaturization of spacecraft component, multifunctionalization of devices are key technologies. The ion engine we are proposing here is distributed on microspacecraft and give a number of functions and strong redundancy to the spacecraft. To realize this concept, we introduced a novel idea for an ion engine system. That is to use single plasma source as both ion beam source and neutralizing electron source only by electrical connection. This ion engine system is released from the necessity of a number of neutralizers. Our concept requires a plasma source driven by very low power microwave. Here we proposed an antenna design method for a small plasma source using microwave discharge, and developed a miniaturized ion engine. As a result, the performance of the miniaturized ion engine was improved up to the ion production cost of 240 V and propellant utilization efficiency of 40 % at the input microwave power of 1.0 W and mass flow rate of 0.15 sccm.
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Backgrounds
In recent years, small spacecraft have attracted a lot of attentions and many institutes have successfully launched and operated their miniature spacecraft of 1 kg to 100 kg. Major objectives of those missions are verification of the successful flight and operation of the craft. The next stage of the small spacecraft development is to conduct more advanced missions needing propulsive capability. Hence miniature propulsion device, namely micropropulsion, has been increasingly required 1) . For instance, micropropulsion systems allow microspacecraft to perform un-loading of the momentum wheel, drag compensation of the atmospheric or solar pressure, and formation flight by multiple small spacecraft.
Electric propulsion system can drastically reduce propellant of the propulsion system. Ion engines have the highest thruster performance and most flight experiences in a number of electric propulsion devices. However, the complicated structures of ion engines have made the miniaturization difficult. In particular, a discharge cathode and neutralizer cathode are critical components for the further miniaturization. Generally, they are already well miniaturized for standard ion engines, and further miniaturization is quite difficult.
Here, we propose a novel micro ion engine system. It consists of multiple identical plasma sources driven by microwave discharge. The most important feature was that each plasma source can be operated as either an ion beam source or a neutralizing electron source by electrical switching. Figure 1 shows the conceptual diagram of our idea. Ion beam extraction and electron emission can be freely selected from one plasma source. Here these two operation modes are named as ion engine mode and neutralizer mode respectively. The ion engine system we are proposing here has the plasma sources distributed on spacecraft. The spacecraft can conduct various motions by selecting plasma sources of ion engine mode. 
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shows an example of the constellation of plasma sources and associated motions enabled by the operational combination. This micro ion engine system gives spacecraft not only translation motion but also attitude control. In microspacecraft mass and volume allowed for each component is severely limited, and this kind of multiple function device is very important. Our novel concept proposed here is "micro ion engine system consisted of distributed plasma sources which can be operated both as ion engine mode and neutralizer mode". In order to realize our micro ion engine system, we have two major challenges: 1) verification of the switching operation of ion engine mode and neutralizer mode and 2) very low power operation of a plasma source. The switching of ion engine mode and neutralizer mode is a key technology of our micro ion engine system. We have successfully verified and reported that demonstration elsewhere 2, 3) . Secondly, our distributed micro ion engine system requires multiple plasma sources. However, usable power in small spacecraft is usually very low. Hence very low power ion engine is necessary for our concept. In this paper, we are presenting the development of the low microwave power plasma source.
Micro ion engines and previous works
Ion engines using microwave discharge have been developed as "μ" series in Institute of Space and Astronautical Science in Japan Aerospace Exploration Agency. The ion engine with 10 cm diameter, called as μ10, was employed to the asteroid explorer Hayabusa, and now they are working for the return to the earth 4, 5) . Moreover other "μ" series ion engines: μ10HIsp and μ20 have been developed 6, 7) . The ion engine μ10HIsp has the same discharge chamber as μ10 but extract ions by ten times of acceleration voltage: 15 kV. The ion engine μ20 has the larger discharge chamber of 20 cm diameter, and generate higher thrust than μ10. The ion engine developed in this study has 1 cm characteristic length and we named it as "μ1" which is the smallest ion engine in "μ" series ion engines.
Since a few years ago, several researchers have studied a micro ion engine using microwave discharge 8, 9) . The simple structure of a microwave discharge ion engine is suitable for the miniaturization. These micro ion engines utilized a discharge chamber which had the almost same configuration with the neutralizer of μ10. The input microwave power was about 10 W. They successfully developed micro ion engines and showed good performance in 10 W level.
Here we are roughly estimating specification required for the μ1. The target is 50 -100 kg microspacecraft with 50 -100 W electrical power. For propulsion device, we are assuming 10 kg mass and 30 W power. This condition indicates that microwave power allowed for each plasma source must be less than 2 W. Otherwise total power required for microwave power source exceeds 25 W power because of multiple plasma sources (~4), transmission efficiency of microwave (~80%), and efficiency of a microwave amplifier (~40%). Therefore we need develop a low power ion engine of 1 -2 W class. There has been no study of such low microwave power ion engines.
In this study, we have developed a very low power and high performance ion engine using microwave discharge. The typical operation condition was 1.0 W microwave power and 0.15 sccm xenon mass flow rate. In this condition, the ion production cost was improved up to 250 W/A and propellant utilization efficiency was 40 %.
In order to accomplish this performance, we have proposed a novel design method of a microwave antenna specialized for a small discharge chamber. It was well-known that the configuration and position of an antenna greatly affect the performance of plasma production. Generally, design of the antenna and surrounding cavity is determined from the view point of resonance of injected microwave. However, in the miniaturized scale where the characteristic length is much smaller than the microwave wavelength, this concept cannot be applied. Hence there has been no effective method to design an optimized antenna configuration and position for a small size plasma source. In the third section of this paper, we propose an antenna design method suitable for a small plasma source using microwave discharge.
Experimental set-ups and methods
Vacuum facilities
All the experiments were carried out in a 1.0-m-diam, 1.4-m-long space chamber. The chamber is evacuated by a rotary pump of 1300 L/min and a turbo molecular pump of 800 L/s for N 2 . The base pressures during the experiment were 4 -8 × 10 -3 Pa at 0.5 sccm xenon flow. The chamber was made of stainless steel and connected to the ground.
Thruster head
The micro ion engine developed here has a discharge chamber of cylindrical shape with 20 mm diameter. The bottom of the discharge chamber consists of two ring-shaped magnets. The other side of the chamber is an ion accelerator. The distance between the magnets and grid system (we refer it as height of the discharge chamber) can be changed from 2.5 to 10.0 mm. The typical height was 7.0 mm. The ion accelerator is a two-grid-system consisted of screen and accelerator grids made of stainless steel. This grid system was developed and employed in the study by Nakayama et al. in 2004 8) . The magnets are axially magnetized samarium-cobalt magnets. Both magnets are attached on a back yoke and form a magnetic circuit. The magnetic field inside the chamber was around 0.15 T, which is field strength corresponding to the electron cyclotron resonance (ECR) frequency of 4.20 GHz. The dependence on the magnetic configuration was evaluated in the past studies 2,3) . Operating gas was fed through eight holes opened on a back yoke and between the two magnets. Microwave power was injected to the chamber from a SMA connector. This connector was installed behind the back yoke and connected to an inner conductive set on the center line and extended into the discharge chamber. The discharge chamber and a DC block were covered with a plasma screen made of aluminum plate (downstream surface) and metal mesh (other surfaces). Working gas was fed through a gas isolator.
In this study, "input microwave power" means the power forwarded to the SMA connector from a microwave power source. The reflected power was not subtracted from that power. The frequency was 4.20 GHz and the input power was changed from 0 to 8.0 W. The relation between reading of the microwave power source and forwarded power to the discharge chamber was calibrated by using a power meter.
Experimental method
The performance of an ion engine was evaluated by the ion beam current. The microwave power was continuously swept from 0 W to 8 W and the screen and accelerator current was measured during the sweeping. The power sweeping was performed along the following sequence. First, the power was set around 0.5 W, gradually increased to about 8 W, and again decreased down to 0 W. Screen currents were recorded while the power was going up to the maximum and down to the minimum to check the hysteresis. This round-trip sweeping took about 20 s. The plasma was extinguished at a certain power in the down sweeping. We determined this power as the minimum power for sustaining the plasma. During the above sequences the mass flow rate was fixed. In all the experiment, a filament cathode was used to neutralize the ion beam. The screen voltage and accelerator voltage were fixed at 1500V and -500 V respectively. The accelerator current was always less than 0.2 mA.
Visualization discharge chamber
In order to observe plasma inside the discharge chamber, a discharge chamber specialized for visualization was designed. We call it visualization discharge chamber. This chamber is useful to evaluate an antenna design method described in the following section. The emission profile of the plasma gives a lot of information to us, even if quantitative measurement is not performed.
The aluminum side wall of the chamber was changed to a glass wall with stainless mesh. In order to form the same electric field as the thruster, the metal mesh was employed inside the glass wall. The grid system was changed to an orifice plate. Ion beam acceleration was not conducted in this visualization experiment. This plate has a hole at the center, and gas conductance is quite different from one with the grid system. This difference was analytically calculated and compensated by decreasing the gas flow rate.
Antenna design method
We employed the following assumptions to find an optimized design of an antenna: A. The electric field inside the chamber was oscillating electrostatic field which was formed by the inner conductive (antenna) and outer conductive (chamber, grid, and magnets). B. When an electron passes an ECR layer once, it gets the following energy W ECR in average.
By comparing the scales of Maxwell equations and c , it is shown that the right hand side of the first equation can be neglected if the wavelength λ and the characteristic length L has the relation 2π / 1 . In the case of microwave used here, the wavelength is about 7 cm and the characteristic length was less than 1 cm. Therefore the inside electric field can be well approximated using an oscillating electrostatic field.
The Eq.(1): energy that electron gets when it passes the ECR layer once was derived by assuming constant velocity parallel to the magnetic field.
10) This expression 
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means that only the perpendicular component of the electric field has the effect on the ECR heating. Hence, electric field should cross the magnetic field at right angle as much as possible. Perpendicular electric field and gradient of the magnetic field can be determined by only the configurations of antenna and magnet. Therefore we select over gradient of B along its direction as an index of the antenna design. Here we call this quantity as "index of ECR heating" for the convenience.
After all, our antenna design method can be expressed as we have to design antenna configuration so that the equipotential lines of the electric field are parallel to the magnetic field lines on ECR layer.
Evaluation of the antennas used in this study
Four types of antennas are evaluated in this section. First one is straight antenna, which is a rod of 1.2 mm diameter. This antenna was used as a standard condition in the early period of our study. Second and third ones are wire ring antennas, which was made of 0.4 mm diameter copper wire. One has a ring shaped arm and the other has a half arm in the azimuthal direction. These antennas were installed further downstream than the ECR layer at the same height. Final one is flat ring antenna, which was made by machining 0.4 mm thickness flat brass plate. This antenna was installed further upstream than the ECR layer. Figure 7 shows the contour plot of the index of ECR heating of each antenna based on our design method. The index, over gradient of B, was calculated from the both fields. The strength was drawn on only the ECR layer (this index has meaning only on this layer). Straight antenna produces electric field only in the radial direction. Hence the ECR heating occurs inside the inner magnets. The index of ECR heating showed 2×10 5 V 2 /Tm in the maximum. In the previous study, we showed that this antenna had low performance. After that, we have started to optimize antenna configurations. Wire ring antennas and flat ring antennas were designed by using the above-mentioned design method. Wire ring antennas are set on the ECR layer and form the electric field in the axial direction between the antenna and magnets. The index of ECR heating reaches to 4×10 5 V 2 /Tm, which was twice of the straight antenna. The antenna was made by wire in order to avoid plasma loss by the antenna itself. Flat ring antenna was set under the ECR layer. In this configuration, the equipotential lines have convex shape toward the downstream as well as the magnetic field lines. Therefore the equipotential lines are aligned better to the magnetic field lines than the case of wire ring antennas. Actually the region with strong ECR heating is larger than the wire ring antenna.
Experimental results
Performance dependence on the antenna
Plasma generation by microwave discharge was greatly affected by the antenna configuration. Here we shows screen current to evaluate the performance of plasma sources. Figure 8 shows the screen current dependence on the input microwave power and mass flow rate for four types of the antennas shown in Fig. 6 . The height of the discharge chamber was 7.0 mm. Here it should be emphasized that our target microwave power is less than 2.0 W, and the characteristic of higher power region has the meaning only as reference.
Flat ring antenna showed the best performance of four types of antennas. At the input microwave power of 1.0 W, it supply the screen current of 2.3 -2.5 mA, corresponding of ion production cost around 450 V. Plasma with beam extraction was sustained even in very low power range down to 0.2 W. This dependence was almost same in the range of mass flow rate 0.25 to 0.15 sccm. Decreasing the gas below this rate, the current is rapidly decreasing. Wire ring antenna showed as high current as the flat ring antenna, but the plasma was extinguished in low power region less than 1.0 W. This characteristic is unfavorable for our objectives. On the other hand, half wire ring antenna, which has same ring arm with the wire ring antenna and its azimuthal length is half, sustained the plasma in low power region. One of the reasons of this difference would be the decreasing of plasma loss by the antenna surface. Long arm of the ring antenna leads to increasing the region where effective ECR heating occurs. However, the long arm also causes the plasma loss by recombination on the antenna surface. Straight antenna showed the lowest current characteristics. Plasma was not sustained below the 1.0 W. The ion production cost was between 1000 -2000 V.
Plasma emission profiles for each antenna
Microwave discharge plasma was observed through the side of the chamber by using the visualization discharge chamber. It should be cared that the compensation of mass flow rate was not perfect between using the grid system and orifice plate for visualization. In addition, plasma in the visualization chamber was sustained without beam extraction. Hence inner pressure was higher by about 1.5 times than the case with ion acceleration. This visualization shows qualitative tendency of the plasma for each antenna. Figure 9 shows the photographs of plasma taken for several powers and mass flow rates. The pictures of half wire-ring antenna and flat ring antenna were taken in the mass flow rate of 0.02 sccm. The straight antenna plasma was not sustained in that condition, and it was taken at 0.05 sccm. These mass flow rates correspond to 0.17 and 0.43 sccm in the case with the grid system.
The emissive region of plasma coincided well with the region expected as strong ECR heating region by the analysis in the previous section. In the picture of the straight antenna, the plasma had the strongest emission near center line. In the half wire-ring antenna and flat ring antenna, the strongest region was between the inner and outer ring magnets. These regions were expected as strong ECR region by Fig. 7 . Moreover the plasma of flat ring antenna had the strongest emission in the widest region of three antennas. This result corresponded with the extraction current measurement. As a result, it was shown that the design method can anticipate the area and degree of ECR plasma heating well.
Height of the discharge chamber
The height of discharge chamber is an important parameter for ECR type ion engines. The plasma generated by ECR is likely to stay near ECR layer, because the plasma was generated on the strong and closed magnetic field lines. Therefore the plasma of microwave discharge ion engine is likely to be confined near the strong magnetic fields. This is different from an electron bombardment type ion engine. To increase the ion extraction, it is necessary to make the grid surface closer to the ECR region. Mu series ion engine developed in ISAS/JAXA has been developed based on this concept.
Flat ring antenna showed much higher performance by shortening the height of the discharge chamber. Figure 10 shows the relation of the power and current for the several heights of the chamber. The ion beam current was increased to twice at power of 1.0 W by reducing the height from 7.0 to 3.0 mm. At the height of 3.0 mm, the ion beam current was 4.1 mA at 1.0 W input microwave power and 0.15 sccm. This means ion production cost of 240 V and propellant utilization efficiency of 40 %. These values well satisfied our initial target of the micro ion engine performance. Further reduction of the discharge chamber height led to the decrease of the current and made it difficult to sustain the plasma. On the other hand, half wire-ring antenna showed only negligible increase of the current.
The great increase by reducing the height was caused by the increase of the electric field at the ECR layer. In Fig. 9 Side view photographs of the microwave discharge plasma using the visualization discharge chamber. 
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flat-ring antenna, ECR layer is bound by the antenna and grid surface. The electric field in this region is determined by the distance of the antenna and grid surface. Therefore the reduction of the height directly causes the increase of the electric field strength at the ECR layer. The index of ECR heating of our antenna design method increases up to 8×10 5 V 2 /Tm in the case of 3.0 mm height. On the other hand, in the case of half wire-ring antenna, the electric field at the ECR layer is determined by the distance between the antenna and magnets. The distance to the grid has no relation to the strength of the electric field at the ECR layer. Figure 11 shows the front views of the ion engines. These are taken during the ion beam acceleration (without filament). The pictures of straight antenna were taken in 0.20 sccm and others were in 0.15 sccm. It is clear that flat-ring antenna with the chamber height of 3.0 mm had the strongest emission in those. Figure 12 shows the best performance of μ1 at a present; microwave power vs. ion beam current and propellant utilization efficiency vs. ion production cost. The optimum operation point of μ1 would be around 1.0 W and 0.15 sccm from the propellant efficiency and production cost curve. This is favorable for the concept of μ1: distributed micro ion engines. The corresponding ion beam current was 4.1 mA, which means 260 μN thrust per head.
Performance of the μ1
Conclusions
In this study, we have improved the performance of a micro ion engine. We proposed a novel antenna design method for a small plasma source using microwave discharge. Based up to this antenna method, we have developed several types of antenna and evaluated the performance. The flat-ring antenna showed the best performance of these antennas. This antenna was set between ECR layer and two ring magnets so that the equipotential lines well matched to the magnetic field lines. This configuration gave strong ECR heating and realized effective plasma production even in low microwave power of 1 -2 W. As a result, using this flat ring antenna and adequate chamber configuration, the ion production cost was reduced down to 240 V and propellant utilization efficiency increased up to 40 % at the input microwave power of 1.0 W and xenon mass flow rate of 0.15 sccm. 
